Muscle tissues are classically divided into two major types, depending on the presence or absence of striations. In striated muscles, the actin filaments are anchored at Z-lines and the myosin and actin filaments are in register, whereas in smooth muscles, the actin filaments are attached to dense bodies and the myosin and actin filaments are out of register. The structure of the filaments in smooth muscles is also different from that in striated muscles. Here we have studied the structure of myosin filaments from the smooth muscles of the human parasite Schistosoma mansoni. We find, surprisingly, that they are indistinguishable from those in an arthropod striated muscle. This structural similarity is supported by sequence comparison between the schistosome myosin II heavy chain and known striated muscle myosins. In contrast, the actin filaments of schistosomes are similar to those of smooth muscles, lacking troponin-dependent regulation. We conclude that schistosome muscles are hybrids, containing striated muscle-like myosin filaments and smooth muscle-like actin filaments in a smooth muscle architecture. This surprising finding has broad significance for understanding how muscles are built and how they evolved, and challenges the paradigm that smooth and striated muscles always have distinctly different components. thick filament | muscle structure | muscle contraction | schistosome | Schistosoma mansoni T he muscles of animals are of two basic types: striated or smooth. The presence or absence of striations depends on whether or not the thick (myosin) and thin (actin) filaments are in longitudinal register (1) . In striated muscles, thin filaments of similar lengths are aligned via their attachment to transversely arranged Z-lines, which form the boundaries of the contractile unit, called the sarcomere. Thick filaments, also of similar lengths and in register, lie midway between the Z-lines (1) . The repeating pattern of sarcomeres joined end-to-end gives rise to the striations seen in the light microscope (2) . Smooth muscles, in contrast, lack both Z-lines and aligned, uniform-length thick and thin filaments; striations are therefore absent, creating a "smooth" appearance in the light microscope. In these muscles the Z-lines are replaced by narrower dense bodies, which act as attachment sites for thin filaments (3) . In most animals, striated muscles are specialized for rapid, precisely controlled movements, whereas smooth muscles are used for slow or sustained contraction (1, 3) . Within these broad categories there is considerable diversity in structure and function across species. Thus, striated muscles may be cross-striated (vertebrates and invertebrates) or obliquely/ helically striated (invertebrates only) (4, 5) , and smooth muscles may have relatively short (vertebrates and many invertebrates) or very long (molluscan) myosin filaments (6) .
Our knowledge of the molecular structure and function of smooth muscle, and how this contrasts with striated muscle, has come mostly from studies of vertebrates. Several key differences are found: (i) The striated muscle myosin II heavy chain (MHC II) has key sites of sequence conservation in the tail and head, which clearly distinguish it from smooth and nonmuscle myosin II sequences (7, 8) . (ii) Striated muscles are regulated via Ca 2+ binding to troponin on the thin filaments (9), whereas smooth muscles lack troponin and are regulated by Ca 2+ -induced phosphorylation of the myosin regulatory light chains (10) . (iii) The thick filaments in striated muscles have a helical, bipolar structure, in which the polarity of myosin molecules reverses midway along the filament length, whereas smooth muscle thick filaments are nonhelical and side-polar, with oppositely oriented myosin molecules on opposite sides of the filament along its entire length (11, 12) . Whether comparable differences occur in invertebrate muscle has been little studied, with the exception of molluscan smooth muscles, which have giant thick filaments (containing high levels of paramyosin) that are specialized to function in the long-lived, high-tension "catch" state (13).
Here we have studied the molecular structure and function of the muscles of the parasitic flatworm Schistosoma mansoni, which is responsible for the tropical disease schistosomiasis, affecting 200 million people worldwide (14) . Our interest in these muscles was catalyzed by reports that the drug used to treat schistosomiasis (praziquantel) may act on the myosin molecule (15) , and that muscle proteins like myosin, paramyosin, and certain regions of actin might be useful targets for the development of an antischistosomal vaccine or chemotherapy (16) (17) (18) . We show that the adult form of S. mansoni has exclusively smooth muscles, and yet its thick filaments have the bipolar, helical structure characteristic Significance All animals have the ability to move. In most animals, striated muscles move the body and smooth muscles the internal organs. In both muscles, contraction results from interaction between myosin and actin filaments. Based on vertebrate studies, smooth and striated muscles are thought to have different protein components and filament structures. We have studied muscle ultrastructure in the parasite Schistosoma mansoni, where we find that this view is not supported. This invertebrate possesses only smooth muscles, yet its myosin sequence and filament structure are identical to those of striated muscle, while its actin filaments are smooth muscle-like. Such "hybrid" muscles may be common in other invertebrates. This finding challenges the paradigm that smooth and striated muscles always have different components.
Author contributions: G.S., L.A., A.P., R.P., and R.C. designed research; G.S., L.A., A.P., G.M., F.M., R.P., and R.C. performed research; G.S., L.A., A.P., R.P., and R.C. analyzed data; and G.S., R.P., and R.C. wrote the paper. of striated muscle filaments from other invertebrates. This similarity in thick filament structure is supported by sequence analysis, which groups the schistosome MHC II with other striated muscle myosin sequences, not with their smooth/nonmuscle counterparts. Whereas the thick filaments of schistosome smooth muscles have striated muscle characteristics, their thin filaments appear to lack troponin and are not regulated by Ca 2+ ; they are thus similar to other smooth muscle thin filaments. We conclude that, in contrast to vertebrates, schistosome smooth muscles are hybrids, incorporating proteins and filament structures from both smooth and striated muscles.
Results
Muscle Ultrastructure. To determine the type of muscle present in S. mansoni, adult male and female worms were fixed and embedded for ultrathin sectioning. Sections were cut at ∼1to 3-mm intervals along their body length and examined by transmission electron microscopy (EM). In longitudinal view, all muscles showed a filament organization typical of smooth muscle. Thick and thin filaments were readily visible, but neither set of filaments was in register and there was no regular banding characteristic of striated muscle ( Fig. 1 A and B) . Z-lines were absent, and dense bodies were prominent but not aligned transversely with each other. This organization was confirmed in transverse section (Fig. 1C ). Thick and thin filaments were readily visible, interspersed with amorphous dense bodies. No Z-line lattice was seen in any cross-section. We conclude that the body musculature of the adult schistosome, both male and female, is smooth muscle.
Thick Filament Structure. Thick filaments were isolated from adult schistosomes. The small size of these organisms (∼10 mm in length and 1-mm diameter for the male, and 11 mm and 0.2 mm, respectively, for the female) precluded dissecting out individual muscles. Whole worms were therefore used. Approximately 6,000 worms, obtained from 15 to 20 hamsters, were detergent-skinned in relaxing medium and homogenized (Materials and Methods). The resulting filament suspension was examined by negative-staining EM and found to contain thin and thick filaments.
To our surprise, the thick filaments, which we have established above originate exclusively from smooth muscle, were indistinguishable from the striated muscle thick filaments of chelicerate arthropods (tarantula, scorpion, and Limulus) that we and others have studied previously (19) (20) (21) . The myosin filaments of schistosome and arthropods also resembled each other in containing paramyosin (see, for example, Fig. 3 ). The filaments showed a clear bipolar structure with a central bare zone ( Fig. 2A ). Thick filament length was 3.6 ± 0.3 μm (mean ± SD) (n = 47); the diameter was 31.1 ± 2.8 nm (n = 967) in the head region and 22.2 ± 2.5 nm (n = 43) at the bare zone. The filaments displayed a regular pattern of myosin heads ( Fig. 2A ), similar to the helical organization seen in the chelicerates. Fourier transforms of individual filaments were essentially identical to those of the chelicerates (19) (20) (21) , with a series of layer lines indexing on an ∼43.5-nm repeat, and meridional reflections at 14.5 and 7.2 nm (Fig. 2B ). This finding confirms the helical symmetry of the filaments and their visual similarity to those of the chelicerates.
To understand the structure of these filaments in molecular detail, 3D reconstruction was carried out by single-particle methods. Consistent with the above findings, the reconstruction had an appearance essentially identical to that of the chelicerate striated muscle filaments (22) (23) (24) . Four myosin molecules were present at each 14.5-nm "crown," each with a characteristic motif representing a pair of myosin heads (22) ( Fig. 2 C and D) . Atomic fitting of myosin head crystallographic structures into the reconstruction confirmed that this represented a pair of asymmetrically interacting myosin heads ( Fig. 2C ), as previously observed in the chelicerates (22) . These interactions are thought to inhibit head activity in relaxed muscle by sterically blocking their actin-binding or ATPase sites (25) . We conclude that the muscles of adult schistosomes, which are exclusively smooth, are nevertheless built from striated muscle-like thick filaments.
Myosin II Sequence. Invertebrate myosin II molecules have been classified as striated or nonmuscle (26) , whereas vertebrate myosin II also includes a smooth type similar in sequence to nonmuscle myosin (27, 28) . The S. mansoni genome reveals multiple striatedtype and nonmuscle MHC II genes (www.genedb.org/Homepage/ Smansoni) (29) . By proteomic analysis we detected significant expression, at the protein level, of only one myosin II isoform in adult S. mansoni: Q02456 (Fig. 3B ). The average distance tree of aligned complete myosin II sequences shows clearly that this MHC II is of the striated muscle type, closer to striated MHC II of arthropods and molluscs than to that of vertebrates, but quite distinct from the smooth/nonmuscle MHC II group ( Fig. 4 ). Separate alignment of the entire head and the entire tail gave the same result (cf. ref. 28 ). This striated vs. smooth/nonmuscle dichotomy was confirmed by The numbers indicate the bands cut and analyzed by MS MALDI-TOF-TOF: number 1 was identified as S. mansoni MHC II (Uniprot entry Q02456), corresponding to a single MHC II gene (gij256086965), based on the peptide sequences shown in the table; by sequence comparison this was deduced to be striated muscle type (Figs. 4 and 5). Other bands in the molecular weight regions corresponding to important sarcomeric proteins were also analyzed. Those found to be sarcomeric are labeled (arrows), whereas others found to be nonsarcomeric are not (Antigen Sm20, Antigen Sm14, Thioredoxin peroxidase, and so forth). The presence of tropomyosin and troponin T was confirmed in a 2D gel (Fig. S1 ). The lanes shown were selected and cropped from the original scanned gel. The MS analysis of ionized peptides obtained by MALDI-TOF-TOF is shown in the table on the right. Mascot was used as a search engine for protein identification (Materials and Methods). Only significant Mascot scores were considered for positive identification. According to the Mascot algorithm, the ion score for an MS/MS match is based on the calculated probability, P, that the observed match between the experimental data and the database sequence is a random event. The reported score is −10Log(P). Fig. 4 . Average distance tree for MHC II sequence alignment showing that MHC II is either striated-or smooth-like (cyan or tan, respectively). The schistosome MHC II (Q02456), highlighted in yellow was demonstrated to be present at the transcription level (80) and in the thick filament homogenate by proteomic analysis (Fig. 3) ; it was compared with complete sequences of the other myosins shown. The sequence segregates with striated muscle MHC IIs of vertebrates and invertebrates (cyan group), and not with smooth and nonmuscle myosins (tan group).
comparing four key regions previously associated specifically with striated MHC II: two actin binding regions (loops 2 and 3) (30), the IQ motif region (31) , and a tail region defined as a striated musclespecific site (7, 8) (Fig. 5 ). Finally, analysis of the MHC II tail sequence reveals that the schistosome has four skip residues in the α-helical coiled-coil, a feature in common with other striated muscle sequences (32) (33) (34) and different from the three skip residues characteristic of smooth/nonmuscle myosins. These multiple comparisons all lead to the same conclusion: that adult schistosome MHC II, which is derived exclusively from smooth muscle, is a striated-type myosin.
Regulation of Contraction. We used the in vitro motility assay as a functional test to determine whether schistosome smooth muscle is regulated through the thin filaments (as in most striated muscles) or the thick filaments (as in vertebrate smooth muscle). Thin filaments from a schistosome homogenate were labeled with fluorescent phalloidin and their motion over native tarantula striated muscle thick filaments was observed at different Ca 2+ levels. Sliding occurred at both high (pCa < 4) and low (pCa > 9) calcium levels and had a similar velocity to F-actin (which is unregulated), indicating that schistosome thin filaments are not calcium-regulated (Table 1 ). This finding contrasts with similarly prepared thin filaments from tarantula striated muscle, known to contain troponin (35) , whose sliding over both tarantula and schistosome thick filaments displayed clear Ca 2+ -sensitivity ( Table  2 ). The S. mansoni genome has genes for all components of the troponin-tropomyosin (Tn/Tm) complex except troponin C (TnC) (29) , which is responsible for Ca 2+ binding (9) . Consistent with this, mass spectrometry revealed the expression of Tm (two isoforms), actin, troponin T (TnT) (Fig. 3 ), and troponin I (TnI) (Fig.  S1 ) in the adult muscle homogenate (Fig. 3 ), but no TnC. Together, these observations suggest that regulation of contraction in adult S. mansoni does not occur through the thin filaments. The key, unexpected finding from this study is that schistosome smooth muscle is built using striated muscle-like thick filaments. The presence of dense bodies and the absence of striations in schistosome sections (Fig. 1) show that these animals contain only smooth muscle in their body wall, supporting a previous ultrastructural study (36) . These results are consistent with confocal light microscopic observations, using fluorescent phalloidin to label actin filaments, which demonstrated a uniform and continuous longitudinal distribution of actin in all fibers of adult muscle, with Fig. 5 . Multiple sequence alignment of 26 MHC II sequences using the MUSCLE algorithm, comparing regions known to distinguish striated (cyan) from smooth/nonmuscle (tan) MHC II. The schistosome MHC II (yellow highlight) segregates with striated myosins and is quite distinct from smooth/nonmuscle myosins. Comparisons were made of actin-binding loops 2 and 3 of the motor domain (A), and the IQ motif of the regulatory domain and a striated muscle specific site in the tail (B). Besides the alignment of the whole MHC sequence, the S1 HC and the whole tail HC also were aligned independently, with the same grouping result. Sequences were retrieved from the UniProt sequence libraries.
Discussion
no appearance of striations (37) ; this was quite distinct from muscle fibers in the tail of the cercarial stage of the life cycle (the freeliving stage that infects the mammalian host); these fibers were clearly recognized to be striated by the same technique (38) . The organization of thick filaments, thin filaments, and dense bodies that we observed is similar to that previously described in other invertebrate smooth muscles (39) . It is also similar to the smooth muscles of vertebrates (40) , with the significant exception that the thick filaments in the schistosome are well preserved and very prominent [as in other invertebrates (39) ], whereas in vertebrates they are labile and difficult to preserve (41) .
Although the body musculature of the adult schistosome, both male and female, was clearly smooth muscle, we found that the thick filaments isolated from these muscles were identical to thick filaments from the striated muscles of other invertebrates (Fig. 2) . This finding was supported by multiple sequence comparisons between the expressed schistosome MHC II and those of other species, which clearly show that schistosome MHC is a striated-type myosin (Figs. 4 and 5). Some other invertebrate muscles without cross-striations also have striated MHC II. Two striated MHC II isoforms were reported in muscles of the planarian (Dugesia japonica), which lack striations (8), whereas in Caenorhabditis elegans, having obliquely striated muscles (an intermediate form between smooth and cross-striated), four MHC II genes have been isolated, all classified as striated muscle-type (42) . Finally, in the sea anemone Nematostella vectensi (33) and molluscan catch muscle ( Fig. 5 ) with only smooth muscle, striated MHC II is strongly expressed. Together, these sequence data suggest that, in invertebrates, all types of muscle (smooth, cross-striated, and obliquely striated) can be built using only the striated MHC II sequence. Our thick filament EM observations and 3D reconstructions provide structural support for this conclusion, demonstrating that bipolar, helical thick filaments, indistinguishable from striated muscle thick filaments, are the structures present in schistosomal smooth muscle. In fact, during their life cycle, the schistosome develops-with striatedtype MHC II sequence (the only type of muscle MHC gene reported)-both striated (cercaria tail) (43) and smooth (schistosomule and adult worm) muscle.
Schistosome Smooth Muscles Are Probably Regulated by Myosin
Phosphorylation. Evolutionary studies based on both genome mining and biochemical data suggest that the thin filament protein, troponin, is a hallmark of striated muscle regulation in bilaterians (33, 44) . By binding Ca 2+ , troponin makes possible the rapid contractile response to changes in Ca 2+ levels that characterizes movement in this animal group (9) . Our motility studies suggest that the thin filaments of schistosome smooth muscle lack Ca 2+ -sensitivity, consistent with the absence of the Ca 2+ -sensitizing subunit of troponin (TnC) in the schistosome genome (29) . It is possible that troponin functions in the striated muscles of the cercarial stage of the life cycle (possibly with a different Ca 2+ -sensitizing component), where it may underlie rapid (20 Hz) movements of the tail (43, 45) . Troponin is absent from the genomes of more primitive animals, including cnidarians (jellyfish and anemones), ctenophores (comb jellies), placozoans, and sponges (33) . In these species, the presence of myosin light chain kinase (MLCK) suggests that regulation occurs via phos-phorylation of the myosin regulatory light chain (RLC) (46) , apparently the most ancient regulatory system in the Metazoa (33) . In the absence of an intact troponin system, adult schistosome muscle is presumably also regulated by RLC phosphorylation; this is supported by the presence of a smooth muscle MLCK consensus phosphorylation site on the RLC (see below) and the presence of MLCK in the S. mansoni genome (29) . This slow enzymatic mechanism of muscle activation is consistent with the leisurely, undulating motions exhibited by these lower invertebrates (e.g., jellyfish) and presumably could also suffice for the slow movements that we observe in live S. mansoni moving in artificial medium. Similarly, RLC phosphorylation underlies the slow response of vertebrate smooth muscles to activation (46) (47) (48) . RLC phosphorylation also occurs in many striated muscles (e.g., mammals, spiders), where it functions-over an extended time frame-to modulate contractile force regulated primarily by the rapid on-off troponin switch (49) .
In tarantula, the RLC contains a long N-terminal extension that incorporates sites for phosphorylation by both MLCK and protein kinase C (50), producing mono-or biphosphorylation (51) . This long extension is unique to invertebrates and appears to be present in only two taxonomic groups, Ecdysozoa (Arthropoda) and Lophotrocozoa (Platyhelminthes and Annelids) ( Fig. S2) . Platyhelminthes are the only organisms of these groups with smooth muscle (52) , suggesting that their smooth muscles could share a related myosin phosphorylation mechanism to that in the striated muscles. However, our analysis suggests that in the Platyhelminthes this is the primary mode of regulation, whereas with the other species it modulates the troponin regulatory mechanism (44) . Analysis of the schistosome RLC suggests that it is a hybrid, exhibiting a long RLC N-terminal extension, as in tarantula striated muscle, but with a smooth muscle MLCK consensus sequence rather than the striated muscle MLCK sequence present in tarantula.
Schistosomes Provide New Insights into Muscle Evolution. Our results have broad implications for understanding how muscles are built and how they evolved. The schistosome thick filament reconstruction clearly demonstrates the presence of the interactingheads motif in the off-state (Fig. 2C) , providing further evidence that this highly conserved structure arose early in evolution as a means of inhibiting myosin II activity under relaxing conditions (22) . Sliding speed (μm/s) was measured using the in vitro motility assay, in the presence or absence of Ca 2+ . Values shown are mean ± SD (n = number of measurements). Sliding speed (μm/s) was measured using the in vitro motility assay, in the presence or absence of Ca 2+ . Values shown are mean ± SD (n = number of measurements).
This motif has now been demonstrated in striated muscle thick filaments of chelicerates (22) (23) (24) , molluscs (53) , vertebrates (54, 55) , and here in the smooth muscle thick filaments of a Platyhelminth. Observation of the motif in single myosin molecules (in cases where it has not yet been demonstrated in thick filaments) extends this list to vertebrate smooth muscle (25, 56) and nonmuscle myosin (57) , and to the most primitive animals with muscles, Cnidaria (sea anemones, jellyfish) (58) .
Although the interacting-heads motif was not unexpected (given the number and diversity of species in which it had already been demonstrated), the finding that the structure of the schistosome thick filament was identical in every discernible detail to that in the striated muscle thick filaments of chelicerates (tarantula, scorpion, and Limulus) was a complete surprise. The similarity includes not only the interacting heads, but the filament diameter, the fourfold rotational symmetry, the coincidence of the helical repeats (43.5 nm in both species), and the organization of myosin tails into twelve, 4-nm-diameter subfilaments in the filament backbone (Fig.  2D ). There are two aspects to this unexpected discovery: first, that the schistosome and chelicerates have essentially identical filament structures, even though they are evolutionarily quite separate; and second, that a filament with a striated muscle-type structure is found in a smooth muscle. Chelicerate-like thick filaments in a Platyhelminth. The essentially identical thick filament structures in S. mansoni and chelicerates is puzzling and could be interpreted in two ways. Either Platyhelminthes are close evolutionary relatives of chelicerates (i.e., the filaments are homologous), or the structure is an example of convergent evolution. Convergent evolution appears to be less likely as an explanation because it normally refers to structures that are superficially similar but different in detail (59) . However, we cannot exclude this possibility. The alternative explanation, that Platyhelminthes are close relatives of chelicerates, is also uncertain. In early evolutionary trees, based primarily on morphology, Platyhelminthes were considered to be one of the most primitive organisms and were placed near the base of the trunk (60), far from chelicerates. In more recent, molecular phylogenetic trees, based on protein (including MHC II) and ribosomal RNA sequence similarities (61), they are much closer to chelicerates (59, 60, 62) , consistent with our structural findings. On the other hand, more closely related groups within the arthropods have different thick filament symmetries from chelicerates (63, 64) , which would argue against the idea that a close evolutionary relationship between chelicerates and Platyhelminthes explains the similarity in their thick filaments. A third possibility is that the last common ancestor of arthropods and Platyhelminthes had the thick filament structure that we have described, and that this then changed to fulfill the specific functional needs of particular arthropod and other groups as they evolved, but was retained in the chelicerates and Platyhelminthes. Striated muscle-like thick filaments in a smooth muscle. The organization of myosin in the schistosome thick filament is completely different from that in the only two other types of smooth muscle thick filament that have been examined in molecular detail. In vertebrate smooth muscle filaments, myosin molecules are organized in sidepolar arrays that lack both helical symmetry and a central bare zone (11, 12) , both key features of schistosome filaments. In addition, the MHC II sequence is of the smooth/nonmuscle type (27, 28) , and the filaments are highly labile and readily dissociate (41, 65) . This is in clear contrast to schistosome filaments, which we observed to be stable both as isolated filaments and in muscle sections, consistent with their construction from striated-type MHC II. Molluscan smooth muscles are characterized by giant thick filaments (up to 40 μm in length and 150 nm in diameter) (66) (67) (68) . These filaments have a large core of paramyosin molecules in a paracrystalline array, and a thin surface layer of myosin molecules, which appear to have no direct geometric relationship to the underlying paramyosin (68). Thus, molluscan smooth muscle filaments are structurally quite different from any known striated muscle thick filament. Interestingly, however, their MHC II sequence is closely similar to that of their striated muscle myosin sequence (69) , unlike the clear differences between vertebrate smooth and striated muscle myosins (Fig. 4) . To our knowledge, no other smooth muscle thick filaments have been studied structurally at the molecular level. Thus, the schistosome employs a different strategy from that used in either vertebrates or molluscs in the construction of its smooth muscle: using a striated-type myosin assembled into a striated-type thick filament.
Conclusions
Our study shows that in schistosomes (and possibly other Platyhelminthes), nature takes a hybrid approach to building smooth muscle, making use of a striated muscle MHC and a hybrid, striated-smooth RLC, assembled into striated muscle-like thick filaments, which are combined with smooth muscle-like thin filaments in a smooth muscle architecture. The presence of striated MHC sequences in the smooth muscles of the planarian D. japonica (8) and the sea anemone N. vectensis (33) suggests that the same principle may pertain in other species. If so, then smooth and striated muscles in the invertebrates may have evolved using the same basic building blocks but in different organizations. It appears likely that the co-opting of nonmuscle-like myosin, and its assembly into side-polar filaments, may be a specialization unique to the smooth muscles of vertebrates. Our findings therefore challenge the paradigm (based on studies of vertebrates) that smooth and striated muscles always have distinctly different components. These findings also emphasize the fact that classification of muscle based simply on the presence or absence of striations only partially reflects its diversity in primitive invertebrate organisms (70) . The principle of mixing and matching that nature uses to build different smooth muscles is also apparent in striated muscles, which appear to have evolved at least twice, using similar myosin and actin components, but different Z-line constituents (33) .
Materials and Methods
Schistosomes. S. mansoni adult worms ["JL strain, Venezuela," maintained at the Instituto Venezolano de Investigaciones Científicas (IVIC) Trematodiasis Unit] were obtained by perfusion from the portal vein of golden hamsters infected with 500 cercariae (16) . All procedures involving animals were performed according to the National Guidelines for Laboratory Animals established by the "Asociación Venezolana de Bioterios." The study protocol was approved by the Committee of Bioethics for Animals at IVIC under the reference no. 1415.
Schistosome Thick Filaments. S. mansoni relaxed thick filaments were isolated according to ref. 71 , with some modifications. Six-thousand worms were permeabilized in 2-mL relaxing solution (100 mM NaCl, 3 mM MgCl 2 , 1 mM EGTA, 5 mM Pipes, 1 mM NaN 3 , 5 mM MgATP, pH 7.0) containing a protease inhibitor mixture (Sigma P-8465 plus aprotinin and leupeptin, a combination chosen as the most effective against the proteolytic enzymes in the gut and vomit of the parasite) and 0.1% (wt/vol) saponin for 6 h at 4°C. The filaments were then washed overnight in relaxing solution at the same temperature, and homogenized twice for 2 s using a Sorvall Omni-mixer (Ivan Sorvall). The homogenate was centrifuged briefly (2,000 × g for 5 min) in a Thermo Sorvall Legend Micro 17R centrifuge to remove large debris, and the supernatant centrifuged for 20 min at 17,000 × g. For EM, the pellet containing thick and thin filaments was resuspended and blebbistatin was added to a final concentration of 10 μM. One drop of filament suspension was placed on a 400-mesh holey carbon grid coated with a thin layer of carbon which extended over the holes. The grid was negatively stained with 1% uranyl acetate (72) .
Thin Sectioning. Worms, male or female, were fixed with 2.5% (vol/vol) glutaraldehyde and 4% (vol/vol) paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, for 24 h, then washed twice in cacodylate buffer for 1 h. They were then cut into small pieces about 1-to 3-mm long, postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h minimum, and washed overnight in cacodylate buffer, pH 7.2. The tissue pieces were stained in 1% aqueous uranyl acetate, pH 4.5, for 60 min and washed in water for 30 min.
Samples were dehydrated in a graded ethanol series and embedded in EPON. Ultrathin sections (60 nm) were cut on a diamond knife using a Leica UC7 ultra-microtome. Images were obtained on an FEI Tecnai Spirit BioTWIN 12 electron microscope at 80 kV using a Gatan Erlangshen ES1000W CCD camera.
Image Processing and 3D Reconstruction. For image processing, 263 electron micrographs of negatively stained S. mansoni thick filaments were acquired at 80 kV under low-dose conditions on a Philips CM120 electron microscope (FEI) with a pixel size of 0.57 nm, using a 2K × 2K CCD camera (F224HD, Tietz Video and Image Processing Systems). From these micrographs, 820 thick filament halves were selected and stored in SPIDER (73) format. Next, 131 × 131-pixel segments were cut from these filaments, corresponding to a window of 747 Å (∼five 145 Å-spaced crowns of heads). Three-dimensional reconstruction was carried out by Iterative Helical Real Space Reconstruction (74) modified according to ref. 23 . For each iteration of the reconstruction (30 cycles), filament segment projections were compared with different projections of the reference reconstruction as follows: seven 2.3-nm axial shifts, 2°intervals of rotation about the filament axis up to 90°, and 2°intervals of out-of-plane tilting from −10°to +10°. The total number of projections was therefore 7 × 45 × 11 = 3,465. For the final 19 cycles of the reconstruction, we used only the best-ordered 420 filament halves (those in which >30% of segments were found good enough to be used by the reconstruction script in the back projection in previous cycles). From ∼17,000 segments, ∼9,500 (56%) were included in the final reconstruction. This final 3D reconstruction was the average of the last 19 reconstructions between cycles 12 and 30. Its resolution, according to the 0.5 Fourier Shell Correlation criterion, was 2.3 nm.
Gel Electrophoresis. One-dimensional SDS/PAGE was carried out on 15% (wt/vol) gels, as described previously (75) Proteomic Analysis. Bands and spots from 1D or 2D SDS/PAGE gels were excised with a scalpel, carefully avoiding keratin contamination. Bands or spots were destained with 250 mM NH 4 HCO 3 /30% (vol/vol) acetonitrile for 10 min, washed with MilliQ water for 5 min, sliced into 1-mm 3 segments, dehydrated with 90% (vol/vol) acetonitrile, and dried for 5 min using a speed-vacuum centrifuge, all at room temperature. In-gel tryptic digestion (Promega, Sequencing Grade Modified) was carried out for 18 h at 37°C. Peptides were extracted (1% formic acid) and the supernatant loaded through a ZipTip C18 microcolumn (Millipore). Samples were eluted with 60% (vol/vol) acetonitrile/1% formic acid and mixed with saturated matrix solution [α-cyano-4-hydroxycinnamic acid in 50% (vol/vol) acetonitrile/0.1% TFA] in a 1:1 ratio. MALDI-TOF spectra were collected from spots and analyzed on an Autoflex III Smartbeam (Bruker Daltonics). External calibration was performed with a commercial peptide mixture (Peptide Calibration Standard, Bruker Daltonics). The analysis was conducted using 200 shots of MS and 500 shots of MS/MS. The list of peptides and fragment mass values generated by the mass spectrometer for each spot was submitted to a MS/MS ion search using MASCOT (Matrix Science). The parameters used were: allowance of one tryptic missed cleavage, peptide mass tolerance of ±0.6 Da, fragment mass tolerance ±0.3 Da, peptide charge +1, fixed modification: Propionamide (C), variable modification of oxidation (M), Deamidated (NQ). Only ions with individual scores above those specified by MASCOT as indicating identity or extensive homology (P < 0.05) were considered for protein identification.
In Vitro Motility Assay. To obtain S. mansoni or tarantula thin filaments, the supernatant from the thick filament preparations, after 20 min centrifugation, was centrifuged again at 17,000 × g for 1 h, the pellet discarded, and the supernatant containing the thin filaments collected. Activity of thick filaments from S. mansoni and Avicularia avicularia (tarantula, control) homogenates was tested by measuring the motility that they produced using purified rabbit F-actin and A. avicularia or S. mansoni thin filaments made visible by labeling with fluorescently tagged phalloidin. Fifteen microliters of relaxed filament homogenate (schistosome or tarantula) was introduced into the motility chamber and flushed with a washing solution (25 mM NaCl, 3 mM MgCl 2 , 1 mM EGTA, 3 mM NaN 3 , 1 mM DTT, 5 mM Pipes, 25 mM Imidazol, 3 mg/mL BSA, 1 mM Mg.ATP; pH 7.5). Next, 500 μL of tarantula or S. mansoni thin filaments or rabbit F-actin in relaxing solution were fluorescently labeled with 2.5 μL rhodamine/phalloidin (Sigma-Aldrich, P-1951) and a 15-μL aliquot was added to the chamber, followed by a 60-μL aliquot of activating solution (relaxing solution containing 1 μM free Ca 2+ ; pCa 6.0) for thin filaments. Movement of the fluorescently labeled filaments was tracked according to (51) . This in vitro motility set-up enabled real-time image acquisition and analysis, speed calculations, and statistical analysis of tracked filaments.
Bioinformatics Analysis. JalView (77) (v2.8) was used to analyze sequences retrieved from UniProt libraries (www.uniprot.org/). Only complete sequences with evidence at transcriptional or protein level were used for the analysis. The sequences were aligned with MUSCLE (78) (v3.8.31) using default parameters; the percent identity average distance tree was calculated and the sequences were ordered accordingly. SCORER 2.0 (coiledcoils.chm. bris.ac.uk/Scorer/) was used to determine the number of skip residues in the S. mansoni MHC (UniProt Q02456).
Accession Numbers. The S. mansoni negatively stained thick filament 3D map has been deposited into the Electron Microscopy Data Bank (EMD-6370), and the atomic coordinates of the rigid docked model of myosin II interacting heads (PDB ID code 3DTP) have been deposited into the Research Collaboratory for Structural Bioinformatics as PDB ID code 3JAX.
